Hydrocarbon distributions measured in the urban area of Toronto during the Southern Ontario Oxidants Study of 1992 are presented. Comparison is made to hydrocarbon distributions measured in other urban areas. Relative concentrations of olefins were found to be depleted aloft compared to the surface level measurements. Chemical mass balance modelling was used to apportion the measured hydrocarbon distributions at York University and other roadside sites to gasoline based sources. The most dominant contributing source was vehicle exhaust. The relative amount of unburned gasoline at York University was found to be significant in the summer, and higher than that observed there during the winter or at other roadside sites. The relative amount of evaporative emissions (gasoline vapour) apportioned by the CMB model at roadside sites was compared to evaporative emissions predicted by a mobile emission factor model, MOBILESC. The percentage-of-gasoline-based non-methane-hydroearbons (NM-He) apportiorre-d to gasoline vapour by the CMB model was equivalent within error to the relative amount of evaporative NMHC predicted by the MOBILE5C model for summer temperatures. For winter temperatures, the MOBILE5C model predicted significantly less evaporative emissions than that apportioned by the CMB model. An anthropogenic souroe of isoprene in the urban area has been proposed and tested. The inclusion of an isoprene flux in the exhaust source profile, consistent with that measured in the Auto/Oil Air Quality Improvement Research Program, results in calculated isoprene concentrations that are in agreement with observed concentrations at roadside' sites and at York University in the winter. During summer, the combustion related isoprene can only account for a small fraction of the observed isoprene at downtown sites and at York University, at most 20%.
. Both anthropogenic and biogenic hydrocarbons are important in this respect. Hydrocarbons have differing reactive potentials with respect to ozone formation (Carter and Atkinson, 1989) , and successful photochemical modelling requires that a reasonably accurate description of the source volatile organic compound (VOC) composition be included in the modelling inventory. Mobile sources in particular are known to contribute significantly to urban hydrocarbon and nitrogen oxide levels. For this reason, mobile sources have historically been at the focus of control strategies aimed at alleviating the ozone problem across North America (Calvert et al., 1993) .
A recent report by the National Research Council in the United States has concluded that vac emissions inventories are highly uncertain and may be severely underestimated (NRC, 1992) . This underestimation may be partially responsible for the limited success of VOC control strategies across the U.S. during the last two decades in solving the ground level ozone problem. The NRC conclusion was based upon several studies, including ambient measurement studies in urban areas that showed that VOCs and carbon monoxide are probably underestimated (Pierson et al., 1990; Fujita et al., 1992) . An underestimation of VOCs and CO emitted by on-road mobile sources under real world conditions is likely, based upon several recent tunnel studies in the U,S. (lngalls, 1989; Robinson et al., 1993) . Since urban NO x , VOC and CO inventories are frequently dominated by on-road mobile sources, and since roadside mobile emissions are largely accounted for by the vehicle tailpipe, an underestimation of exhaust emissions by the mobile emissions factors models (see for example U.S. EPA, 1991) is suspected. Indeed, a recent photochemical modelling study of the Southern California Air Quality Study (SCAQS) (Harley et aI., 1993) showed improved performance in the ozone and reactive hydrocarbon prediction when the on-road organic vehicle exhaust in the inventory was doubled as suggested by the SCAQS tunnel study (lngalls, 1989) . This result supports the assumption that hydrocarbon inventories are underestimated, but does not prove that the source of the underestimation is from vehicle exhaust. In another recent study (Harley et aI., 1992) , chemical mass balance (CMB) modelling was used to show that a significant amount of unburned gasoline is present in the Los Angeles ambient atmosphere, much more than can be accounted for by the official inventory for the region, The source of the unburned gasoline could not be identified although several sources were suggested including understated "hot soak" or fuel spillage emissions, or additional unburned fuel in vehicle exhaust, above and beyond that accounted for by Federal Test Procedure (FTP) based dynamometer testing, The issue of unburned gasoline is important since the unburned fuel is much more reactive with respect to ozone formation than its corresponding vapour.* Any misallocation of unbumed gasoline to a gasoline vapor profile in a modelling inventory would result in an underestimation of predicted ozone.
Chemical mass balance modelling (Cass and McRae, 1983) can be used to estimate the contribution of emission sources to observed ambient pollutant concentrations measured at receptor sites. This type of modelling cannot be used to calculate absolute emission fluxes from those sources, rather it can be * The "reactivity" of the summer gasoline and summer vapour profiles in Table 3 in this paper were calculated to be 3.36 and 1.93 g 03!g HC, respectively at 20°C using maximum incremental reactivity factors (MlR) for hydrocarbons calculated by W. P, L. Carter (CARB, 1991) . The unburned gasoline is -75% more reactive than the vapour using this measure. used to calculate their relative contributions. This source-receptor modelling approach has been applied in a number of urban source apportionment studies with the intention of reconciling emissions inventories with ambient measurements (Aronian et aI., 1989; Harley et al., 1992; Kenski et al., 1993) . CMB modelling has also been applied specifically to the apportionment of mobile source VOCs to tailpipe and non-tailpipe sources from ambient air and tunnel samples (Gertler et ai" 1993; Lin and Milford, 1993) .
Speciated hydrocarbon measurements of atmospheric samples have been made at York University and at a number of other urban sites in and around the city since 1991. Analysis was carried out at these sites during the year previous to, and during the Southern Ontario Oxidants Study (SONTOS) in the summer of 1992, The SONTOS field measurement study was carried out in the urban and rural areas of Southern Ontario surrounding the city of Toronto. The purpose of this study was to help determine some of the factors leading to the production of high ozone levels in the Windsor to Quebec corridor. This region has been identified as one of the regions of concern in Canada where a significant fraction of the population is exposed to ozone levels thought to be detrimental to human health (CCME, 1990) . The area of the SONTOS study is shown in Fig. 1 , with a highlighting of the urban areas. The two rural sites, Hastings and Binbrook are downwind and upwind of Toronto, respectively, during usual atmospheric flow conditions associated with high ozone levels.
In this paper, hydrocarbon distributions measured during the 1991-1993 period at a number of sites in Toronto are presented. These distributions are compared to those measured in other urban areas. The CMB model was used to apportion gasoline based non-methane hydrocarbons (NMHC) to different sources, Gasoline based NMHC is meant to imply those hydrocarbons coming from emission sources related to the use of gasoline, on-road mobile sources being the most dominant source, In particular, we wished to assess the importance of unburned gasoline in ambient air, and to examine any seasonal variability. The paper also explores the presence of an anthropogenic source of isoprene in the urban area. Isoprene, a highly reactive and significant biogenic emission, is usually attributed only to emissions from vegetation.
EXPERIMENTAL

Hydrocarbon speciation
Grab samples at the different urban sites were collected in electropolished stainless steel canisters, Hydrocarbon analysis was done using capillary gas chromatography (GO with flame ionization detection (FlD). The details and performance of the analytical system have been published previously (Lai et al., 1993) . In short, a two stage cyrotrapping unit (built in-house) was used for preconcentration and 1992 Winter-spring, 1992 Summer, 1992 Winter, 1992 Summer, 1991 Summer, 1991 July 1991 -April 1993 Summer 1992 No. samples 12 4 7 7 9 7 344 7 cryofocusing of the hydrocarbons in the samples. Two different separation systems were used in the Gc. The first was a tandem capillary system including a megabore capillary column (SPB-I, Supelco) with a 5 pm thick film of bonded non-polar dimethylsilicone stationary phase, in series with a second column (DB-5, J&W Scientific) with a 1.5/lm bonded film of methylphenylsilicone. This separation system could be used without removal of water from the ambient samples. The second separation system included an AI 2 0 3 -KCI PLOT column with a 5 pm adsorbent layer.
Moisture removal was necessary with this system, achieved by passing the sample through a dry-ice water trap.
Sampling sites
Measurements were made at a number of sites in the Toronto area during the period from 1991-1993. In addition, four samples were taken in the Windsor tunnel on the border of Windsor, Ontario and Detroit, Michigan. Table I gives details for each site including the number of samples collected and used for the CMB modelling. There were four roadside sites, two downtown sites, aircraft samples over Toronto and the master urban site at York University. The downtown sites are expected to be affected by roadway emissions, although samples were not taken at the roadside itself. The York University site is expected to be affected by all types of emissions in the city. There are highways, air· ports, residential areas and gasoline storage facilities in the vicinity of the University. Samples were collected both in summer and winter at York University. Samples were randomly acquired during daylight hours at all sites. The sampling program, while random, was designed to avoid samples laken in the early morning when a nighttime inversion may be present. At York University, approximately half the samples were taken in the mid morning and half in the afternoon. During the SONTOS 92 study, aircraft samples were taken at numerous locations along a flight line between Binbrook-Toronto-Hastings. Only samples taken over the city of Toronto, at an altitude of 600-800 m, have been included here.
Source-receptor modelling
The CMB7 model (Watson et al., 1990) was used in this study. The model requires estimates of source profiles and measured receptor profiles. The mass balance equation is solved by an effective variance weighted least squares estimation method. Thus precision estimates for both source profiles and receptor profiles are required. Fitting species, used in the calculation of source contribution estimates, and nonfitting (floating) species can both be included in the profiles. A consistent set of fitting species was used in all calculations as shown in Table 2 . The table indicates the mass fraction that each fitting species contributes to total NMHC for that particular profile. The mass not accounted for in the profiles of Table 2 can generally be accounted for by all other non-fitting NMHCs for that profile, C2-e12 in general. The 12 species in Table 2 were chosen based upon availability in source and reoeptor data at all sites, relatively long lifetime in the troposphere as indicated by their rate of reaction with the hydroxyl radical, and anticipated dominance of their ambient concentrations from the sources included. A speciated emissions inventory was not available for this region to verify that ambient conoentrations of each fitting species are expected to be dominated by the souroes included in the CMB modelling. Despite this, the species chosen are expected to have significant contribu.tions from the gasoline based sources, greater than 60% and much higher for most species. This expectation is based upon knowledge of the contribution of these sources to the same species in other urban areas (Harley el al., 1992) and knowledge that these species are significant components in gasoline in Ontario. The fastest reacting species included was ethylene, while the slowest was acetylene with rates of reaction with the hydroxyl radical of 8.7xIO-12 cm 3 molecules-'s-1 and 7.7 x 1O-13 cm 3 molecules-' s-', respectively at room temperature (Atkinson, 1986) . This corresponds to a range of lifetimes from about 16--180 h ([OH] = 2.0x 10 6 moleculescm-3 ). Five souroe profiles were used to represent emissions from gasoline vehicles: exhaust, winter gasoline, summer gasoline, winter gasoline vapour and summer gasoline vapour (Table  2) . At roadside sites, these profiles would be expected to fully represent emissions from gasoline vehicles in operation, including exhaust, running loss and some fraction of resting loss emissions. At non-roadside sites, we expect these profiles to represent emissions from operational vehicles as well as evaporative emissions from stationary vehicles, vehicle refuelling, gasoline distribution and storage facilities and gasoline spillage from any of the above sources.
The gasoline profiles were developed from specia ted hydrocarbon data acquired from samples collected at servioe stations in Toronto during the summer of 1991 and winter of 1992 and analyzed by the Alberta Research Council (ARC, 1992) . A total of 15 summer and 15 winter gasoline samples were collected and analyzed in that program. Weighted average profiles were calculated based upon sales by gasoline grade in Ontario. Standard deviations of the gasoline composition were calculated for each chemical species and for each gasoline grade separately. This measure gives some indication of the variability of the gasoline composition for each component. The average relative standard deviation for the 12 fitted species was ± 25%. The vapour profiles were calculated from the average gasoline profile using all species. The calculation included the application of Antoine constants (Zwolinkski and Wilhoit, 1971; Boublik et al., 1984) to calculate the temperature dependent vapour pressure of each chemical species. Raoult's law was then applied to derive a final profile in mass units. Temperatures of 20°C and O°C were used in the calculation of the summer and winter profiles, respectively. This approach has recently been rcviewed and found to give accurate vapour compositions comparable to those generated by more sophisticated equation of state models (Radian, 1992) . The relative standard deviation for each species in the vapour profiles was assumed to be the same as that found in the fuel composition due to the proportionality between vapour pressure and mole fraction of the species in the liquid fuel assumed in the calculation of vapour compositions.
The exhaust profile used in this modelling is derived from the work of Sigsby et al. (1987) , and represents the average measurements made over a fleet of 46 older passenger vehicles operating on commercial gasoline. The profile was modified by the California Air Resources Board (CARB) who applied splitting factors for a few unresolved species . Note that the exhaust profile is the only profile to include ethylene and acetylene, which thus act as tracers for motor vehicle exhaust. This exhaust profile was reported to give the best statistical performance measures when compared to other exhaust profiles in CMB modelling in recent tunnel studies (Wittorff et al., 1994) . While this particular source profile did not include isoprene explicitly, measurements from several recent emissions testing programs indicate the presence of isoprene (2-methyl-l,3-butadiene) in exhaust from gasoline burning vehicles (Gabele, 1990; CARB, 1991; Coordinating Research Council, 1991) . Isoprene is likely a combustion species due to its absence or negligible levels in gasoline. The data set from Phase I of the Auto/Oil AQIRP was used to calculate average isoprene emissions for the 10 vehicle "current" fleet and the 18 vehicle Uolder~fleet. The corresponding average levels of isoprene were found to be 0.158% and 0.201 % of the NMHCexhaust mass, respectively. Data from a study on emissions from a methanol flexible fueled vehicle (FFY) by Gabele (1990) indicated levels of isoprene of 0.37% of the NMHC exhaust mass when the vehicle was operating on 100% gasoline. The NMHC fraction of isoprene in the exhaust was found to decrease as the percentage of methanol in the test fuel was 0.012 ± 0.003 0.0002 ± 0.0001 Isoprene· 0.0018 ± 0.0004 0.000 ± 0.0001 0.000 ± 0.0001 0.000 ± 0.0001 0.000 ± 0.0001
• A non-fitted species in the CMB modelling.
increased (0%, 25%, 50%, 85% and 100% methanol). There was no detectable isoprene in the exhaust when the vehicle operated on 100% methanol, indicating that isoprene is a combustion product specific to gasoline. Testing of six vehicles by the California Air Resources Board (CARB, 1991) indicates levels of isoprene in the exhaust ranging from 0% to 0.18% while the average was found to be lower, 0.06%. The lower values found in the CARB testing most likely reflect the lower mileages on the vehicles tested and the more stringent emissions control technology. All three studies above show higher isoprene fractions of total NMHC in the cold start emissions (BAGI) than the weighted average composite values. This may be indicative of the relative efficiency of the catalytic convertor in removing isoprene from the exhaust gases. For this reason, .newer vehicles whose catalytic convertors have not degraded can be expected to have lower fractions of isoprene in the exhaust gases. This observation is supported by the Auto Oil Study results where the "current" fleet, with newer vehicles and lower mileages, showed smaller fractions of isoprene in their exhaust than the "older" fleet. The profile shown in Table 2 was extended to include 0.18 % isoprene based upon the 28 vehicle average found in the current and older fleets of tbe AQIRP study. Isoprene was included as a floating species (non-fitted) in the modelling. This implies that tbe value included for isoprene in the source profiles did not influence tbe calculation of a source estimate, but the model still calculates an isoprene concentration at the receptor site attributable to the exhaust source contribution.
Average receptor profiles for input to the CMB model were calculated for each urban site using all samples. Normalized receptor profiles (relative to isopentane) were visually compared to those observed at the master site at York University. The profiles were very comparable indicating that similar sources were contributing to the ambient hydrocarbons measured at the sites. Exceptions were higher than normal levels of propane at the Bay Street site, and higher than normal levels of olefins in tbe Windsor Tunnel. To estimate the sample variability in profiles observed at sites with a small number of samples, mass fractions of observed NMHC were calculated for all species for each sample. Relative standard deviations in the mass fractions were calculated for each species at each site and the average relative
standard deviations (for the 12 CMB fitting species) were then calculated. The average relative standard deviation in the mass fraction was assumed to give some measure of the variability of sources that were contributing at each site. The average relative standard deviations ranged from 12% at the Windsor Tunnel to 32% at the Hwy 400 site. The low value of this measure at the Windsor site may indicate a smaller variability in sources contributing to the measured hydrocarbons compared to other sites. This gives more confidence in the representativeness of the samples that were taken at the Windsor Tunnel site, despite the low number.
The CMB model requires that the uncertainty in the concentration of each species in the receptor profile be input to the model. The uncertainty for each species in the profiles was calculated assuming two contributions to the uncertainty; ± 20% measurement precision for each species and an overall potential error of ± 10%. The uncertainty due to measurement precision was reduced by the square root of the number of samples represented in the profile. Purposefully, tbese uncertainty measures do not reflect the variability seen in observed concentrations of individual species that can be very high due to varying meteorological conditions or varying temporal behaviour of source emissions. For York University, the data were further sectored by season and by wind direction to allow CMB modelling on spatial and temporally resolved averages.
RESULTS AND DISCUSSION
Hydrocarbon distributions
One of the most abundant hydrocarbon species in the urban atmosphere is isopentane. Isopentane is a major component of gasoline, is present in exhaust, and makes up a significant fraction of gasoline vapour due to its high volatility. The correlation between isopentane and n-pentane measured at York University is shown in Fig. 2 . The correlation coefficient, sources and their similar volatility. Paired correlations are one way to identify possible anthropogenic sources of hydrocarbon species. The median hydrocarbon distribution measured at York University is presented fn Fig. 3a along with distributions obtained from other international urban areas. The list of species includes C2--e7 paraffins, oletins and aromatics that are found in relatively high levels in the urban atmosphere. To facilitate comparison of distributions that may be on widely varying absolute mixing ratio scales, the distributions have been normalized to isopentane. The distribution measured at York University is very similar to the 39-city U.S. average distribution reported by leffries et al. (1989) . This would indicate that the source mixtures are similar in urban centres in the two countries. The York distribution is less similar to the distributions seen in Sydney, Australia or London, England (Blake et al., 1993) . The latter two profiles appear enriched in acetylene and olefins, species known to be reactive on vehicle catalytic convertors. This may indicate a difference in mobile source emissions control technology in North America compared to Australia or London. Indeed, it is known that three-way catalysts, now mandatory in North America, are less common in London. .. The observed hydrocarbon distributions at York University are fairly constant from one year to another. The only significant difference between the 1991 and 1992 summer distributions was a reduction in the relative concentrations of isoprene and l-pentene in 1992. The significance of the reduction in I-pentene is not known whereas the reduction in isoprene can be attributed to the cooler than average summer that year. Cooler temperatures with increased cloud cover would result in a decrease in isoprene emissions from vegetation. Only minor differences were seen between the winter and summer distributions at York University, apart from the decrease in isoprene in winter.
A comparison of median hydrocarbon distributions at ground level (York University site) and aloft (SONTOS aircraft samples) in Toronto is given in Fig. 3b . The error bars represent the 25th and 75th percentiles of the relative concentrations for each species. The distributions are remarkably similar for acetylene, benzene and paraffins. The compounds have relatively slow rates of reaction with the hydroxyl radical and have a negligible rate of reaction with 03' In contrast, the alkenes are appreciably depleted relative to isopentane aloft of Toronto compared to the ground level observations. This general observation has been made previously in other urban areas by Jeffries et al. (1989) . It is evident that the degree of depletion is greater for the faster reacting alkenes such as 1,3-butadiene and isoprene, compared to the slowly reacting alkenes, such as ethene and propene. The relative depletion of fast reacting species in the upper air is consistent with the characteristics of a transported air parcel that has more time for chemical depletion relative to the fresh emissions at ground level. Table 3 summarizes the CMB modelling results for each site. Source estimates of NMHCs are given for exhaust, gasoline and gasoline vapour along with uncertainties at each site. It is important to note that the source estimate allocated by the CMB model includes all NMHC species, fitting and non-fitting. The 1991-1993 ambient data at York University were sectored into summer (June-August) and winter (December-February) seasons. Separate modelling runs were made for the two seasons as shown in the table. The appropriate gasoline and gasoline vapour sources were used in the model depending on the season of sampling ( Table 2 ). The CMB model runs all had R 2 values (the fraction of measured concentration variance attributable to variance in the calculated concentrations) greater than 0.9, indicating a good fit between observed and calculated concentrations. The Chi square values (the sum of squares of differences between the calculated and measured fitting species concentrations) were all less than 4.0, a suggested maximum value above which, species concentrations would not adequately be explained by the source mixture (Watson et al., 1990) . The model indicated a collinearity problem on two of the runs (Highway 401 and Windsor Tunnel). Collinearity can result from source profiles that are not sufficiently distinguishable, from high uncertainties in the source or receptor profiles, or from some combination of the above. To test the calculated gasoline and vapour source contributions for the two sites showing colIinearity, additional CMB runs were perfonned assuming only two sources, exhaust and gasoline vapour. In these cases, the mass apportioned to the vapour source remained small, equivalent to the old estimate within error. The mass apportioned to the exhaust source increased, approximately given by the sum of the old estimate of gasoline + exhaust. These results showed that there was similarity between the exhaust and gasoline sources. This result is not too surprising since it is known that there is significant unburned gasoline in tailpipe exhaust. In addition, for combustion events that occur during severe enrichments (such as during hard accelerations or decelerations), one expects further enrichment of the exhaust with unburned gasoline, above what might be measured with the comparatively gentle driving cycle used in the FTP.
Source apportionment by chemical mass balance modelling
The relative source contributions are presented on a percentage scale for each receptor site in Fig. 4 . In .
(13-22%). The trend becomes clear from the above discussion; there is a decrease in the relative contribution of exhaust to total gasoline based NMHCs as one moves away from the roadside, coincident with an increase in the contribution of unburned gasoline. The above observation holds true except for the York University wintertime samples which show similar unburned gasoline contributions as those seen at the roadside sites. There is a significant difference in the contribution of unburned gasoline at York University in winter compared to summer. CMB modelling was performed on the wind resolved summer data at York University to determine if unburned gasoline could be associated with a particular wind sector. The results are given in Fig. 5. this way, the contributions of the different sources to gasoline based NMHC can be compared. These percentages do not reflect the contribution of these sources to total NMHCs in the atmosphere. Other sources can contribute significantly to the total ambient organic load, but for species that have not been used as fitting species here. The emphasis here is on a relative comparison of gasoline based emission sources, which are dominated by on-road mobile sources.
The highest NMHC concentrations were seen in the Windsor tunnel, followed by the roadside sites, the downtown sites, York University in winter and York University in summer last. Thus, the level of ambient NMHCs decreases with sampling distance from the roadside. Because of the high NMHC levels, tunnel and roadside samples are expected to be more completely dominated by the sources used in this receptor modelling study, and specifically from on-road vehicle emission modes such as exhaust and running loss emissions. With increasing distance from the roadside, other gasoline based sources, such as gasoline spillage, diurnal emissions, hot soak emissions, refuelling emissions and gasoline distribution and storage emissions will impact on the receptor site. The observation of higher ambient levels ofNMHCs at York University in the winter is typical for many urban areas and can be accounted for by a number of factors, including slower photochemical degradation of HCs and shallower mixed layers in the winter.
As seen in Fig. 4 , the most dominant gasoline based source at all the sites is vehicle exhaust. Its contribution to total gasoline based NMHCs ranges from 52% to 83%. The highest percentages are seen at the roadside sites (69-83%), followed by the downtown sites (60-66%), followed by the York University site (52% summer, 65% winter). Unburned gasoline contributes between 13% and 37% of total gasoline based NMHCs. The highest gasoline percentages are seen at York University in the summer (37%), followed by the downtown sites (both 29%), followed by the roadside sites and York University in the winter Urban Site The relative contribution of gasoline vapour to gasoline based NMHCs is relatively small on average at all sites, ranging from 4% to 17% for the CMB results derived from the average hydrocarbon distributions (Fig. 4) . Sources that may contribute to the appearance of gasoline vapour in the urban area include evaporative emissions from motor vehicles, off road vehicles and other gasoline based equipment, refueling emissions at filling stations, emissions from the filling and storage of gasoline in underground storage tanks at filling stations and other evaporative emissions from the fuel marketing infrastructure.
The appearance of gasoline vapour at roadside sites, where hydrocarbon levels are higher, is expected to be indicative of evaporative emissions from motor vehicles that are in operation, including running loss emissions and resting loss emissions. A comparison was made between the relative amount of evaporative emissions (vapour) apportioned by the CMB model at these sites and those calculated using the latest Canadian mobile emissions factors model, MOBILE5C (Philpott, 1993) , Table 4 . Three MOBILE scenarios were run using different speeds, temperatures, Reid vapour pressures, and vehicle operating modes expected to be representative for the conditions found at the different sites. The details of the MOBILE5C model runs are given in Table 4 footnotes. The corn-posite-vehicle-mix output of the model was used to simulate a mixture of light and heavy duty vehicles, although the prediction was very similar to that obtained by assuming passenger vehicles only, due to the dominance of passenger vehicles on the road.
Two CMB evaporative estimates and two MO-BILE evaporative estimates are given in Table 4 which bracket a range of uncertainty. The two CMB evaporative estimates differ in their inclusion or exclusion of the unburned gasoline source estimate as a vehicle exhaust emission when calculating the mass percentage of evaporative emissions. In one case (footnote b), a modified exhaust source estimate was created by adding the exhaust source and unburned gasoline source estimates (see Table 3 ). This reflects an interpretation in which one assumes that the on-road unburned gasoline source allocated by the CMB model is actually unburned gasoline from the tailpipe itself. In the second estimate (footnote C), the assumption was made that the unburned gasoline comes from a non-exhaust source and was thus not considered when calculating the mass percentage of evaporative emissions. The two MOBILE evaporative estimates differ in their inclusion or exclusion of "resting loss" emissions as true on-road emissions. While running loss emissions are expected to be true on-road emissions, resting loss emissions can occur whether the vehicle is operating or not, and a significant fraction of these emissions may occur while the vehicle is at rest (U.S. EPA, 1991). The first estimate (footnote d) assumes that resting loss emissions occur away from the road and thus are not included when calculating the mass percentage of evaporative emissions. The second estimate (footnote C) assumes that all resting loss emissions occur when the vehicle is being operated and may thus overestimate actual on-road evaporative emissions. The different estimates outlined above provide some range of uncertainty associated with the definition of emissions in the MOBILE (Philpott, 1993) . Winter: T(fixed) = 4,SOC, RVP = 14.5 psi, I January 1992. Composite vehicle mixture. Vehicle registrations were those recommended for Ontario (Philpott, 1993 Table 3 is assumed to be an evaporative source.
model and the interpretation of unburned gasoline in the ambient air at roadsides as originating from the tailpipe or not. The relative mass of evaporative emissions predicted by the MOBILE5C model is in reasonable agreement with the CMB estimates at the two summer roadside sites. The same is not true at the two winter roadside sites. While all winter estimates show a reduction in the relative amount of vapour compared to summer, the MOBILE model appears to underpredict the relative amount of evaporative emissions compared to the CMB estimate, regardless of whether resting loss emissions were included as onroad emissions or not. A temperature of 4SC (40.1 OF) was used in the MOBILE model for the winter simulation even though the temperatures for these sites was much lower. This was necessary since the mobile model will not calculate evaporative emissions for temperatures lower than 4SC (40°F). The evaporative emissions at low temperature are very uncertain, and the mobile models assume that they approach zero at temperatures of 40°F (U.S. EPA, 1993) . The CMB results seem to indicate that evaporative emissions are not quite insignificant at these low temperatures ('" 4-5% for the conditions at these sites), and could be more significant at 40°F.
The question of the source of unburned gasoline still lingers. Some of the gasoline may be associated with excess emissions from the tailpipe as suggested by Harley et al. (1992) . The present results indicate that this only partially accounts for the unburned gasoline since the unburned gasoline fraction increases as one moves away from the roadside. Excess gasoline spillage from multiple sources, also suggested by Harley et al. (1992) , could account for this increase seen away from the roadside, but a seasonal dependence of this spillage is probably unlikely. Recall that the relative gasoline contribution to gasoline based NMHCs at York University in the wintertime is the same as that seen at the roadside (summer or winter) while the corresponding contribution of gasoline at York University in the summer is significantly higher. Another possible explanation is excess hot soak emissions. Hot soak emissions are those HC emissions coming from a vehicle during the period after the engine has been turned off. They can be attributed to fuel evaporation or leakage from the hot engine and fuel lines (U.S. EPA, 1991) . A seasonal dependence in the magnitude of these emissions is probably reasonable for the following reasons. This type of emission is dependent on the temperature of the engine and fuel lines, which will be much lower in the winter than the summer. Also, the cool down of a hot component will be much faster in the winter than in the summer, based upon lower ambient temperatures. Furthermore, the cool down time for hot components under the hood could be extended significantly in the summer if the vehicle is exposed to solar radiation.
A number of CMB sensitivity runs were completed that are worth noting. Vapour profiles were cal-culated at temperatures ranging from -lOoC to + 30°C. In general, an increase in temperature results in a decrease in the mass fraction of the more volatile species in the profile; namely the butanes and pentanes. The CMB modelling was repeated for a number of sites using these alternate profiles. In general, the new source estimates calculated by the CMB model with these new profiles were equivalent within error. Other sensitivity runs were completed to test the hypothesis that the differences in winter and summer gasoline compositions were responsible for the significant difference in the unburned gasoline contributions at York University in summer vs winter. In fact the reverse was observed. When the summer gasoline source profile was used for fitting of the winter ambient profile, the contribution of unburned gasoline decreased slightly. Conversely, when the winter gasoline source profile was used for fitting of the summer ambient profile, the contribution of unburned gasoline increased slightly. In both cases, the difference in the percentage contributions of raw gasoline compared to the base were less than the standard errors shown in Fig. 4 . Thus, the sensitivity runs only served to increase the differences seen in summer and winter at York University.
An anthropogenic source of isoprene
The seasonal trend in isoprene levels at York University is presented in Fig.6a . Levels of isoprene increase in the summer due to the well established emissions from biogenic sources, most notably from deciduous trees (Khalil and Rasmussen, 1992) . These emissions are both temperature and light dependent, isoprene being a product of photosynthesis. The levels of isoprene seen in the city are lower than those at other rural sites such as Binbrook, Hastings and Dorset because of the lower density of foliage in the urban area. Still, reactivity weighted HC concentrations indicate that isoprene can be a significant contributor to ozone formation during hot summer conditions. Despite the predominance of snow cover in Toronto during the winter, which forces the dormancy of biogenic sources, isoprene levels still persist in the atmosphere. An analysis of winter data at York University shows a significant correlation between isoprene levels and 1,3-butadiene levels, Fig. 6b . Since 1,3-butadiene is a well known combustion product (Siegl et aI., 1992) , the good correlation between the two species is partial evidence that isoprene produced from gasoline combustion may be responsible for wintertime isoprene concentrations in the city.
The level of isoprene included in the exhaust profile is seen in Table 2 , based upon data extracted from the AQIRP database (Burns et al., 1991) as discussed previously. Table 3 shows measured concentrations of isoprene and exhaust isoprene concentrations allocated by the CMB model (calculated isoprene). The ratio of these two quantities indicates whether the hypothesis, that isoprene concentrations in the atmosphere can be accounted for by exhaust based iso- prene, is supported by the data. A ratio of 1.0 supports the hypothesis while a ratio greater than 1.0 indicates that there are other significant sources of isoprene in the atmosphere (such as biogenic emissions). The roadside sites, apart from the Windsor Tunnel, have measured/calculated ratios that are close to 1.0 within two standard deviations. The Windsor Tunnel had lower than expected isoprene levels. In the summer, the two downtown sites and York University have ratios significantly greater than 1.0. This is expected since these sites are more removed from the roadside, and biogenic emissions are likely contributing to the observed concentrations. A significant amount of greenery exists at the Queens Park and York University sites. York University is not expected to be influenced by isoprene emissions in the winter. For the winter average ambient data at that site, the measured/calculated isoprene ratio is 0.93 ± 0.23. This is strong evidence that isoprene levels in exhaust, as measured during the AQIRP, can account for the observed isoprene in the urban atmosphere during winter.
The measured/calculated isoprene ratio from the wind resolved receptor modelling at York University is shown in Fig. 7 . The lines bracketing the symbols indicate the standard error range for each season. It is seen that the measured/calculated isoprene ratio is close to 1.0 during the wintertime in all sectors. The summer data show ratios significantly greater than 1.0. The highest ratio is seen when wind is from the NNW, indicating that biogenic emissions from this sector may be high. Not coincidentally, this sector also shows the lowest overall NMHC levels, indicating minimum anthropogenic emissions. The SW and SSW sectors have lower than average isoprene ratios in the summer, indicating possible lower biogenic emissions. Not surprisingly, the SW sector contains Toronto International Airport at a distance of about 14 km, while the SSW sector contains a 5 km section of Highway 401, one of Canada's busiest highways, that is in a direct line towards York University at a distance of about 8 km. An isoprene ratio approaching 1.0 in these regions supports the observation of minimum biogenic land use and significant mobile source activity. The above observations give a strong indication that gasoline combustion can lead to observable levels of isoprene in an urban area such as Toronto, and can account for a significant fraction (if not all) of the atmospheric levels of this species in winter. During summer however, the contribution of mobile source related isoprene to the total observed levels at nonroadside sites is much less. The calculated isoprene levels at each non-roadside summer site (Table 3) account for approximately 20-30% of the observed isoprene. This represents a maximum limit to the estimated mobile source contribution since photochemical oxidation of isoprene would decrease the observed levels, dependent on the source to receptor distance and meteorological conditions. This percent-Relative hydrocarbon distributions measured in ambient air at York University and aloft of Toronto during the Southern Ontario Oxidants Study of 1992 have been presented. The distribution at ground level is most similar to the 39-city U.S. average. Differences have been noted between the Toronto profile and those measured in Sydney and London. The aloft distribution is depleted in alkenes compared to the ground level distribution.
Chemical mass balance modelling was used to apportion the observed distributions of gasoli.'e based hydrocarbon species at York University, roadside sites, and downtown sites in Toronto to gasoline based sources. The most dominant contributing source was vehicle exhaust. The relative amount of unburned gasoline at York University was found to be significantly higher in the summer than the winter, and significantly higher than that observed at roadside sites. This observation would be consistent with excess unburned gasoline emitted from vehicles after termination of operation (hot soak emissions). The amount of gasoline vapour apportioned by the CMB model using measured NMHC distributions at roadside sites was consistent with the relative amount of on-road evaporative emissions calculated with the MOBILE model for warm summer conditions. During winter conditions however, the MOBILE model underpredicted the relative amount of gasoline va-pOUf at roadside sites. It appears that at low temperatures, the MOBILE model assumes zero or very low running loss emissions, contrary to what has been observed here.
The possibility of an anthropogenic source of isoprene in the urban area has been proposed and tested. The i~clusion of an isoprene flux in the exhaust source profile, consistent with that measured in the Auto/Oil Air Quality Improvement Research Program, resulted in calculated isoprene concentrations that are in general agreement with those observed at roadside sites and at York University in the winter. Smaller than expected isoprene concentrations were seen in the Windsor Tunnel. The levels of isoprene observed age could also be much lower during warmer than average conditions because of the extreme temperature dependence of isoprene emissions from biogenic sources. Hot summer conditions are generally conducive to enhanced ozone formation. The existence of an anthropogenic source of isoprene should be considered though when VOC sampling is situated close to a roadside. Furthermore, because of variable temporal traffic patterns, one may expect that isoprene emitted from vehicle exhaust will lead to variable temporal patterns of isoprene in the atmosphere in urban areas. A morning rush hour isoprene peak in the urban area may be indicative of an exhaust related isoprene emission for example. at York University in the winter can be completely accounted for by the exhaust source.
